The structure of adenovirus outer capsid at 3-4Å resolution was revealed recently, however precise details on the function, biochemical and structural features for the inner core are still lacking. Protein V is one the most important components of adenovirus core as it links the outer capsid via association with protein VI with the inner DNA core.
INTRODUCTION
Adenoviruses (Ad) are non-enveloped, icosahedral viruses containing a linear double-stranded DNA (dsDNA) genome of ~36 kilobase pairs. These viruses infect many different vertebrate species causing acute diseases of the eye, upper respiratory and gastrointestinal tracts in humans (1, 2). The adenovirus capsid consists of three main proteins: hexon, penton base and fiber, which have been characterized structurally both in the virus particle and as isolated molecules (3-7). Two hundred and forty hexon trimers comprise the majority of the capsid structure. Each of the 12 vertices of the capsid contains a penton base noncovalently linked to the trimeric fiber protein. During cell entry, the fiber and penton base (8) mediate attachment and internalization, respectively (9). The outer Ad capsid also contains four cement proteins: IIIa, VI, VIII and IX that stabilize the 150 MDa virion (6, 7). The crystal structure of the fiber (4), penton base (5), and hexon (3) as isolated molecules have been previously reported. In contrast, much less information exists on the functional, biochemical, and structural features of the capsid proteins that comprise the inner nucleoprotein core of the virion. This is due in part to the fact that the Ad core is not icosahedrally ordered, thus hindering modeling of the interior of the capsid by cryoEM or X-ray diffraction.
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The Ad nucleoprotein core consists of genomic dsDNA and six proteins. Two copies of terminal protein (TP) are covalently linked to the 5' ends of the DNA. The 23K maturation protease is required to process preproteins in the immature virion following assembly (2). Fully mature virions also contain ~5 copies of IVa2, which is required to package viral DNA via specific contacts with viral DNA-packing sequence (10) as well as with the adenovirus major late promoter (11). The core region also contains three arginine-rich, highly basic proteins, V, VII and (Mu) (12, 13) . Protein VII, present at ~ 800 copies per virion (14) , is the most abundant core protein and is tightly associated with the DNA in a sequence-independent manner. Protein VII is thought to help organize the viral genome in nucleosome-like structures mediated by the basic regions in separate -helices in protein VII and the phosphate backbone of DNA, thus producing a condensed nucleic acid structure (15, 16) .
Present in ~ 157 copies per virion, protein V is one of the most important proteins in the core due to its involvement in core condensation (15, 17) . Moreover, protein V bridges the viral DNA core with the outer capsid by interacting with protein VI (18) (19) (20) .
The importance of this latter cementing function was revealed in an adenovirus harboring a protein V deletion (Ad5-dV). This deletion significantly disrupted viral assembly concomitant with alterations in the capsid morphology and a substantial reduction in thermostability and infectivity (21) . Overall, these studies indicate that protein V has a critical role in capsid assembly and in the formation of infectious virions (21). Protein V contains multiple nuclear and nucleolar localization signals and is imported into the nucleus very shortly after viral infection, suggesting that it has a role in the delivery of viral DNA during the infection process (20, 22) . Protein V is also capable of relocating nucleolin and B23 from the nucleus to the cytoplasm (23).
A previous study employing a cross-linking approach identified a variety of interactions among the core proteins, including formation of V-V and VII-VII dimers, supporting the notion that the core DNA packing unit contains six molecules of protein VII and one molecule of protein V. Moreover, protein μ was found associated both with protein V and in complex with V-VII, but never with protein VII alone, suggesting that protein VII and protein μ are in close contact with protein V (19).
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Despite the knowledge gained from these early biochemical studies, there are still gaps in our understanding of the interactions between protein V and DNA. Here, we report for the first time the expression of protein V in a soluble form, which is in dimermonomer equilibrium. We mapped DNA-binding motifs by reversible cross-linking affinity purification and present direct evidence for association between protein V and protein VI. These studies pave the way for further structural characterization of the adenovirus core structure.
MATERIALS AND METHODS
Recombinant protein purification.
A cDNA construct encoding amino acid residues 1-263 of protein V containing a C-terminal 2x-strep-tag (24) was cloned into the bacterial expression plasmid pET28 (EMD Biosciences).
The recombinant proteins were expressed in BL21(DE3)-RIPL (Stratagene). Cells were grown to an OD 600 of 0.6 in LB media containing 100 μg/ml kanamycin and protein expression was induced by addition of 1 mM IPTG for 1 h at 37 o C. Cells were harvested, pelleted by centrifugation, and subsequently stored at -20 o C. Pellets were resuspended in 20 mM Tris, 1 mM EDTA, 100 mM NaCl at pH 8.0 and then lysed by sonication using a ½" probe sonicator (S4000, Misonix). Cell debris was removed by centrifugation (27,000x g for 20 minutes at 4 o C) and then polyethyleneimine (PEI, Polysciences, Inc.) was added to the supernatant to a final concentration of 0.2% from a 10% stock solution at pH 8.0, in order to precipitate contaminating bacterial DNA. Following 30 minutes incubation on ice, the DNA was pelleted at 9000 x g for 5 minutes at 4 o C. The supernatant was further treated with 0.1 mg of DNase (Roche) overnight at 4 o C, followed by a final round of clarifying centrifugation at 27,000 x g for 20 minutes at 4 o C. The recombinant, DNA-free protein V was further purified by affinity chromatography on Tactin-resin (IBA) based on the Tandem Strep tag, followed by Ni-NTA agarose (Qiagen), and finally subjected to size exclusion chromatography using a HiLoad 16/60 S200 column and an AKTA purifier (GE Healthcare) in 20 mM Tris, 1 mM EDTA, 100 mM NaCl at pH 8.0. The yield and estimation of protein purity at various stages of the purification were determined by SDS-PAGE analysis using equivalent amounts of total A construct encoding residues 34-114 of protein VI with a N-terminal 6x-histidine tag was purified as described in Moyer et al., 2012 (25) .
Circular Dichroism. The secondary structures of protein V and V263 were analyzed by circular dichroism spectropolarimetry. Purified proteins were concentrated to 1 mg/ml in 10 mM Tris (pH 8.0) and 150 mM NaCl and analyzed using a Jasco J-820 spectropolarimeter with a 0.1-cm quartz cuvette. Spectra were collected at 25 and 2) an Optilab T-reX refractive index (RI) detector (Wyatt Corporation, CA). The Astra VI software (Wyatt Corporation, CA) was used to combine these measurements to determine the absolute molar mass of the eluted protein (31, 32). Fig. 4D . For analysis of protein-DNA interaction in adenovirus virions, Ad5 (10 ug) was crosslinked to its genomic contents and digested with trypsin. Next, the genome-peptide heteroconjugates were purified by silica adsorption using a QIAprep spin column (Qiagen, MD). The samples were washed 3X with buffer PE (10 mM Tris HCl pH 7.5 in 80% ethanol) and eluted in 50 mM sodium acetate pH 5.5. 200 mM sodium chloride was then added to the elutions, and the crosslinks were reversed as previously described.
Electrophoretic mobility shift assay (EMSA
Peptides were then identified using an LTQ Velos Pro mass spectrometer (Velos Pro 
Competition of protein V-DNA interaction with protein VI.
A constant amount of dsDNA was mixed with 2.5 μg of purified recombinant protein V in binding buffer (10 mM Tris, 50 mM KCl, 1 mM DTT, pH 7.5) and increasing amounts (5 to 30 μg) of purified recombinant protein VI followed by 20 minutes incubation at room temperature.
The DNA-protein samples were then electrophoresed on a 0.6% MOPS agarose gel that was stained with SYBR Green (Life Tech, NY) to visualize nucleic acids. 
RESULTS
Expression and purification of recombinant protein V. Structural predictions indicated that few secondary structural elements are present in residues 259 to 368 of protein V (Fig. 1A, PSIPRED v3. 3). Since this C-terminal region of protein V is likely to be less structured and thus prone to proteolytic degradation, a truncated form of protein V containing residues 1-263 and fused to a 6His-tag at the N-terminus and a double Streptag at the C-terminus was expressed in bacteria (Fig. 1B) . The dual affinity tags at opposing ends of protein V were essential to the removal of contaminating degradation products during purification (Fig. 1D ). We also utilized circular dichroism (CD) to compare the secondary structures of V263 with the wild-type V protein ( Table 2 ). As expected from the secondary structure predictions, the V263 protein contains a higher percentage of certain secondary structural elements (i.e. helices) and less disorder than the wild-type molecule.
Protein V binds dsDNA in a sequence-independent manner, thus causing a substantial problem during our initial attempts to purify the recombinant protein. In particular, protein V binds bacterial DNA, resulting in aggregation of protein V (Fig. 1C ).
To remedy this situation, a PEI precipitation step was incorporated into the purification process. PEI is a positively-charged polymeric molecule that binds tightly to nucleic acid and negatively-charged proteins (34, 35). The PEI precipitation step reduced the heterogeneity of the starting material and removed the contaminating nucleic acids. PEI at 0.2% was found to precipitate contaminating DNA away from protein V, allowing protein V to be purified by affinity chromatography using a Tactin-resin combined with a high salt Tris-EDTA wash buffer prior to elution with desthiobiotin. A second affinity purification step using Ni-NTA agarose removed low molecular fragments of protein V lacking the amino terminal 6His-tag. Following proteolytic removal of both fusion tags, a final purification and buffer exchange size-exclusion chromatography (SEC) step was used to remove remaining small peptides as well as to determine the aggregation state of the protein. This purification procedure allowed isolation of soluble DNA-free protein V that was ~ 99% pure (Fig. 1C,D Fig. 2A) . At the lowest concentration of DMP cross-linker, protein V migrated at the predicted sizes for monomer and dimer.
At the highest amount of DMP, higher-order oligomers of protein V were also observed ( (Fig. 3B ) which does not occur with DNA alone (compare to Fig. 3A) . Furthermore, the extent of DNA retardation was proportional to the amount of protein V added. We also observed that a relatively larger amount of protein V is required with longer dsDNA (linearized bacmid, Fig. 3C ), likely due to the larger number of negative charges needed to be completely neutralized to achieve complete retardation (36). Overall, these results suggest that the recombinant protein V can bind dsDNA and that binding does not require a specific sequence or DNA length. mass spectrometric analysis of the peptides is performed (Fig. 4A) . RCAP has been previously used to examine the interaction between viral capsids and viral RNAs (37, 38).
The assay was performed with DNA of 42 bp and 100 bp at two molar ratios to protein V.
The control reactions performed without formaldehyde treatment resulted in few ions larger than 800 Da, with the smaller ones likely being buffer components. With both the 42 bp and 100 bp (data not shown) DNA oligomers, peptides from similar regions within protein V were identified, with the notable exception of the region containing peptides 24-67, which interacted solely with the 42-bp DNA (Fig. 4B ). Furthermore, a series of peptides containing residues 68-88 and 164-181 contained one or more missed cleavages, likely due to the DNA cross-link to arginines and lysines blocking trypsin digestion (Fig.   4B ). Lastly, when crosslinked was done with Ad virions, some (but not all) regions of protein V that contacted the 42-and 100-bp DNAs were found to contact the viral DNA.
Since formaldehyde cross-linking blocks trypsin cleavage, this result suggests that contacts within the virion are more specific, and perhaps constrained by the higher order structure within the virion. Given that the genome, 42-and 100-bp duplexes all has distinct DNA sequences, protein V binds DNA in a sequence-independent manner. DNA binding sequences were located in regions of protein V that are predicted to be ordered as well as disordered. A summary of the locations of the peptides within protein V is shown in Fig. 4C .
We modified the RCAP protocol to determine whether protein V has preferred DNA sequence (Fig. 4A) . The 100-bp DNA crosslinked to protein V was digested with DNase I. Protein V and associated DNAs were then purified using a metal affinity column. The crosslinked were then reversed, and the DNA fragments cloned, and sequenced to determine their identity. 13 independent DNA sequences of 3 to 8-nt in length were identified. The sequences mapped to locations throughout the 100 bp dsDNA and did not exhibit an obvious bias in nucleotide composition (Fig. 4D) . These results are consistent with results from our DNA binding analyses (Fig. 3C ) and confirm that protein V has little to no binding specificity. Fig 6) . Due to mature VI being susceptible to proteolysis, we obtained more clear-cut results with the 39-114 domain of VI. All fractions resulting from the pull-down, flow through, wash and elution were resolved by SDS-PAGE (Fig. 6A) . Although a small amount of protein VI was in the flow-through fraction, most of it co-eluted with protein V. We repeated the experiment with Ad fiber knob as a negative control, and as expected, did not observe interaction between the two proteins (Fig. 6B) . A negative control was performed in the absence of protein V detected protein VI in the flow-through fraction and none in the elution fractions (data not shown). A similar pull-down assay was performed using Ni-NTA agarose to bind His-tagged protein VI or fiber-knob with tag-free protein V. We again observed binding between proteins V and VI, but not between protein V and the Ad5 fiber knob (data not shown). These results confirm a direct interaction between protein V and protein VI in a system using highly purified recombinant proteins. They also support the observation that protein V may serve as a link between the inner DNA core and the outer capsid shell via VI association (19, 20, 39 In order to investigate whether protein V association with VI impacts association with DNA, we performed a competition assay (Fig. 6C) . Protein VI also can bind dsDNA (40, 41) As shown in Fig. 6C , the retardation of dsDNA by protein V and VI is distinct (compare lanes 2 and 3) and VI has much less capacity to alter the mobility of dsDNA when compared to protein V. After adding increase amounts of protein VI to a constant amount of protein V in the presence of dsDNA, we observed reduced retardation of nucleic acid relative to V alone (lanes 5-7), suggesting that VI association with dsDNA can compete for protein V-DNA binding. 19, 39) . Moreover, protein V appears to bind viral DNA in a sequence-independent manner. Protein V is thought to serve as a bridge between the viral DNA-core and the outer capsid by interacting with protein VI and was also reported to be in a close proximity to penton base (19, 20, 39) .
DISCUSSION
Protein V is a highly basic protein with a calculated pI of 10.32 and is enriched for basic residues (Fig. 1A) . (Table 1) under native conditions. In particular, a PEI precipitation step allowed removal of contaminating bacterial DNA that otherwise causes protein V aggregation (Fig. 1C) .
Inclusion of dual affinity tags at the N-and C-termini of protein V (Fig. 1B) allowed isolation of the full-length molecule and efficient removal unwanted degradation products (Fig. 1D ). This purification scheme yields highly purified, DNA-free protein V of sufficient quantity and quality for biochemical and structural analyses. The use of this truncated protein V rather than the full-length molecule was necessary to overcome the poor yield of full-length recombinant V. Although the truncated V may not completely duplicate the functional properties of full length V, we noted that the C-terminal region of full-length protein V in virions did not interact with Ad5 DNA ( Figure 4B ).
Cross-linking studies have indicated that protein V may form dimers inside of viral particles (19, 39). We found that the recombinant protein V (aa 1-263) can also form dimers and higher order oligomers in the absence of DNA ( Fig. 2A) . Using SEC-MALS, we observed a single protein peak with a range of molecular weight between 35 and 60 kDa (Fig. 2B) , suggesting that protein V exists in solution in equilibrium of monomers and dimers. An equilibrium of monomer-dimer was previously observed for the DNA binding protein P6 of bacteriophage 29 ( 29), (46). These results suggest that protein V can have two different protein-protein interaction modes, one as a monomer and one as a dimer. Association with DNA or the core proteins VII and μ could influence the dimeric or monomeric state of protein V.
Protein V is rich in arginine and lysine residues thus promoting its interaction with DNA in a sequence-independent manner (17). We confirmed that binding of recombinant protein V to different sizes of dsDNA was also independent of DNA sequence (Fig. 3A, 4D ). In the RCAP assays performed with the recombinant V263
protein, several regions of protein V were found to possess DNA binding activity (Fig.   4B ). In support of this, the protein V-DNA complex was maintained even after heating to 95 o C (Fig. 5) . However, the C-terminal region of protein V, which is mostly on October 28, 2017 by guest http://jvi.asm.org/
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Adenovirus protein V interactions with DNA and VI disordered, is also devoid of DNA binding. However, RCAP analysis of adenovirus virions for DNA binding contained far fewer regions of protein V to contact DNA, likely due to these regions of protein V contacting other viral proteins within the virion. Some of these masked DNA binding sites might become exposed upon transfer of the viral nucleic acid into the nucleus during infection. We also observed that certain V peptides were detected more frequently than others, suggesting that certain regions protein V, such as residues 68-88, may be more accessible to DNA than others. Surprisingly, several of the regions of protein V predicted to be intrinsically disordered did not contact DNA when in the context of the virion. This suggests that the intrinsically disordered regions in protein V contact other adenoviral proteins within the virion.
Given the apparent multiple DNA binding sites in protein V, we favor the possibility that protein V has a histone-like role (47) Minimally, H3 and H4 are required to package cellular DNA into a nucleosome array (51). Histone H1 seals off each nucleosome to form tightly compacted structures (52).
Furthermore, H1 is the first histone to be displaced from the chromatin and after crosslinking experiments was not found to be part of nucleosome protein core (53). Protein VII and V have different associations with the viral DNA, as indicated by the selective release of protein V from the cores after a number of treatments (18, 44, 45) . Salt disrupted-cores contain only DNA and protein VII, suggesting that protein VII is tightly associated with viral DNA than protein V (15, 54). Protein V was been suggested to be responsible for the stability and to form more condensed core structures (15, 18) . Protein V has other important associations in the virus particle including interactions with the membrane lytic protein VI (19, 20, 39) . We also demonstrated a direct and specific interaction of protein VI with highly purified recombinant protein V (Fig. 6A) . One important question is whether individual molecules of protein V can bind DNA and protein VI simultaneously or whether separate populations of protein V that mediate these associations. We observed that protein VI can compete with DNA for the binding of protein V (Fig. 6C ). These observations raise the possibility that there are two locations for protein V in the virion, one in direct association with DNA in the core and the other serving as a bridge to protein VI association at the vertex region. This latter interaction between protein V and VI could strengthen the connection between the DNA core and the inner surface of the outer capsid.
A key feature that may contribute to its wide range of interactions is the high degree of intrinsic disorder within protein V. The interconversion of protein V between monomer and dimer, as well as the relatively high rate of proteolysis, are consistent with the presence of intrinsically disordered regions (55). Predictions using computer programs yielded results consistent with this notion (Fig. 4C) . Intriguingly, some of the DNA binding regions mapped using RCAP were to the intrinsically disordered regions of protein V. Intrinsically disordered proteins could gain specificity for ligand interaction upon formation of the complex. At this point we do not have direct evidence for DNA sequence-specific interaction between protein V and DNA.
Although we still lack important structural information on interactions among the Ad core proteins, our studies with purified recombinant protein V and the characterization of its interaction with DNA set the stage for further structural analysis with or without DNA. The structure of protein V will help guide our understanding of the molecular interactions occurring within the AdV core. In particular, it will be interesting to determine how protein V interacts with the other core proteins (VII and μ) and the viral DNA, as well as other capsid proteins, including protein VI.
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